INTRODUCTION
Increasing milking frequency from twice-(2X) to thrice-daily (3X) stimulates milk yield of dairy cows by 12 to 14% (VanRaden et al., 1999) . Some dairy farmers have adopted 3X-milking to increase milk yield per cow but this also increases labor and operating costs. Interestingly, increased milking frequency (IMF; ≥3X) during a brief period in early lactation enhances milk yield and lactation persistency (Wall and McFadden, 2012) . The persistent response suggests that IMF increases the productive capacity of the udder for the remainder of that lactation. 
Effects of increased milking frequency during early lactation

ABSTRACT:
In dairy cows, increased milking frequency (IMF) during early lactation stimulates an increase in milk yield that partially persists through the remainder of lactation. However, the effects of IMF on lactation performance and udder health of primiparous heifers have not been clearly established. The objective of this study was to determine the effects of IMF during early lactation on milk yield and composition, udder edema, and teat-end condition of primiparous Holstein heifers. Thirteen heifers were assigned at parturition to unilateral frequent milking (twice-daily milking of the left udder half (2X), and 4-times-daily milking of the right udder half (4X)) from d 1 to 21 of lactation. Heifers were milked twice daily at 0130 and 1330 h, with additional milking of the right udder half at 0430 and 1630 h. Half-udder milk yield and composition were recorded on d 1 and 4, weekly through 35 d in milk (DIM), monthly through 210 DIM, and on d 270 ± 1 of lactation. Udder edema and teat-end scores were evaluated on d 1 and 4, weekly through d 35, and on d 60 ± 1 of lactation. A 1-sided paired t test was used to compare milk yield of 4X-to 2X-udder halves. A 2-sided paired t test was used to test for differences in milk composition, udder edema, and teat-end scores. Overall, 4X stimulated an immediate increase in milk yield. Differential milk yield peaked on d 21 of lactation, with 4X udder halves producing 2.8 kg/d more milk than 2X udder halves (P < 0.001). After cessation of 4X, the milk yield differential decreased, but 4X udder halves continued to produce 0.8 kg/d more milk than 2X udder halves through d 270 of lactation (P < 0.05). Over the entire lactation, milk component yields and 3.5% fatcorrected milk or energy-corrected milk were greater (P < 0.05), whereas somatic cell counts in milk were lower, in 4X udder halves (P < 0.05). Udder edema and teat-end condition did not differ between 4X and 2X (P > 0.19). In conclusion, IMF during early lactation stimulated a persistent increase in milk yield without negatively affecting several indicators of udder health of primiparous dairy heifers.
The response of primiparous heifers to IMF during early lactation has not been well characterized although they generally comprise up to 33% of the lactating herd and have attributes that may cause them to respond differently than multiparous cows. These include differences in udder anatomy (Dewhurst and Knight, 1993) , lactation persistency (Miller et al., 2006) , and incidence of udder edema (Dentine and McDaniel, 1983) . To evaluate the profi tability of implementing IMF during early lactation, one must consider not only milk yield but also potential effects on performance and udder health. For example, over-milking negatively affects teat condition (Hillerton et al., 1990) , and De Vliegher et al. (2003) suggested that teats of heifers may be especially sensitive to changes in milking frequency. Because heifers have not been previously exposed to milking, they provide a unique opportunity to quantify the effects of IMF on udder health. Moreover, because they are prone to peripartum udder edema, the effects of IMF on incidence and resolution of udder edema are of interest.
Our objective was to determine the effects of IMF during early lactation on productivity and health of primiparous heifers by subjecting them to unilateral IMF from d 1 to 21 of lactation. We hypothesized that IMF would stimulate milk yield, enhance lactation persistency, and reduce udder edema without affecting teat-end condition or milk somatic cell counts (SCC).
MATERIALS AND METHODS
The University of Vermont Institutional Animal Care and Use Committee approved all procedures involving animal use before the commencement of the experiment.
Animals and Treatments
Sixteen primiparous Holstein heifers between 20 and 30 mo of age were assigned at parturition to unilateral frequent milking [UFM; twice-daily milking of the left udder half (2X), and 4-times-daily milking of the right udder half (4X)] from d 1 to 21 of lactation. Throughout the study, udder health was assessed by monitoring SCC and clinical signs of mastitis; however, milk samples were not cultured for bacteriology. Heifers were housed at the University of Vermont Miller Research Complex in a free-stall barn with ad libitum access to a total mixed ration and water. Cows were administered bovine ST (bST; Posilac; Monsanto Co., St. Louis, MO) every 2 wk beginning in the ninth week of lactation, according to the manufacturer's recommendations. The bST treatment was standard practice for the herd and was applied to both cows and heifers. Regular (2X) milking occurred at 0130 and 1330 h with additional (4X) milking of the right udder half occurring at 0430 and 1630 h. After d 21, both udder halves were milked 2X throughout the remainder of lactation. Primiparous heifers were milked in a double-6 herringbone parlor using a milking system with a hydraulic arm and automatic takeoffs. Automatic takeoffs were set at milk fl ow less than 200 mL/min with a 10 s delay. Claw vacuum levels were set to average 37 kPa and ranged between 36 and 40 kPa during periods of peak milk fl ow. Heifers were milked using commercial triangle bore silicone liners. Heifers were brought back into the milking parlor for additional milkings; teat-cups for the left quarters were plugged using a rubber stopper and the hydraulic arm prevented pulling or twisting on the udder. During additional milkings, heifers were milked using the automatic takeoff. If milk fl ow was inadequate to allow for at least 1 min of additional milking, the unit was switched to the manual setting. Before machine milking, teats were fore-stripped, pre-dipped in sanitizing teat dip (FS-103 X; IBA Inc., Milbury, MA), and wiped with a clean, single-use towel. After completion of milking, including additional milkings of 4X glands, teats were post-dipped with sanitizing teat dip (Transcend; IBA Inc.). Three animals were removed from the study for reasons unrelated to the experimental protocol, including intramammary infection of both rear quarters during early lactation, oxytocin dependency, and teat-end laceration, respectively. Thirteen heifers completed the study.
Half-Udder Milking
Half-udder milk yield was quantifi ed under routine milking conditions, using a quarter milking claw designed to collect milk separately from each quarter. Milk was collected into sterile 18.5 L plastic bags. At the fi rst milking after parturition, heifers were quarter milked to assess whether udder halves produced similar amounts of milk before treatment (heifers with udders unbalanced >0.7 kg were ineligible for the study; only 1 heifer failed to meet this criterion and was not enrolled). The 16 heifers enrolled on the study were quarter milked once per day during afternoon milkings at 1330 h on d 1 and 4, weekly through 35 d in milk (DIM), and monthly through 210 DIM. The fi nal measurement was made on d 270 ± 1 of lactation. During quarter milking, milk samples were taken from each udder half and analyzed for SCC, fat percentage, and protein percentage by the Vermont Dairy Herd Improvement Association. Samples from d 1 were omitted due to the large variation in SCC, fat percentage, and protein percentage associated with colostrum. As noted above, 3 heifers were removed during the course of the study; therefore, data are reported for the 13 heifers that completed the study.
Milk Yield Response
For each quarter milking, milk production of 2X udder halves was subtracted from that of the 4X udder halves to determine the differential milk yield. Milk production was recorded at each regular milking throughout lactation and compared with data collected at quarter milking to confi rm that half-udder milk yields were consistent with yields obtained during routine milking. To evaluate the milk yield response to IMF during specifi c periods of lactation, the linear trapezoidal rule was used as previously described (Wall and McFadden, 2007a) to calculate the area under the differential milk yield curve (AUC). The AUC was calculated separately for the periods during UFM (During UFM; 1 to 21 DIM), post UFM (Post UFM; 28 to 270 DIM), and over the entire lactation (Total; 1 to 270 DIM) as previously described by Wall and McFadden (2007a) .
Udder Edema and Teat-End Hyperkeratosis
Udder edema was scored using visual and tactile assessment as previously established by Tucker et al. (1992) , with modifi cation to determine differences in edema between 4X and 2X udder halves. Edema was quantifi ed post-milking on d 1 and 4, weekly through 35 DIM, and on d 60 ± 1 of lactation using a scale of 0 to 5 as follows: 0 = no apparent edema; 1 = minimal edema localized to the base of the udder half; 2 = moderate edema localized to the base of the udder half and wave-like movement of fl uid beneath the skin; 3 = moderate edema covering the lower half of the udder half with wave-like movement of fl uid beneath the skin, and medial suspensory ligament still apparent; 4 = extensive edema covering the entire udder half, rigidity of the skin surrounding the gland, and visible medial suspensory ligament; 5 = severe edema covering the entire udder half, rigidity of the skin surrounding the gland, abnormal shape, and medial suspensory ligament not apparent.
Teat-end condition was evaluated post-milking for degree of hyperkeratosis, based on an evaluation system developed by Neijenhuis et al. (2000) , and the University of Vermont Scoring system (Goldberg et al., 1994) . Teat-end scores were recorded on d 1 and 4, weekly through 35 DIM, and on d 60 ± 1 of lactation. Briefl y, teat ends were scored as follows: 0 = smooth teat end and sphincter with no evidence of hyperkeratosis; 1 = thin ring of hyperkeratosis surrounding the teat-end orifi ce; 2 = moderate hyperkeratosis surrounding the teat-end orifi ce; 3 = teats exhibit thick hyperkeratosis surrounding the teat-end orifi ce; fi nally, 4 = thick hyperkeratosis and severe roughness surrounding the teat-end orifi ce. Distinction was made between smooth and rough callusing of the teat end. Teats ends classifi ed as rough exhibited a frayed appearance and an additional 0.5 was added to the overall teat-end hyperkeratosis score.
Statistical Analysis
Statistical analysis was performed using the mixed procedure (SAS Inst. Inc., Cary, NC). The statistical model included milking frequency (4X or 2X) and time as fi xed effects and cow as a random effect. The covariance structure selected was compound symmetry using the between-within method for degrees of freedom. A 1-sided paired t test was used to determine differences between udder halves in milk production, as described by Wall and McFadden (2007b) . To test for differences in milk composition, teat-end, and udder edema scores, recordings for each quarter or teat were averaged for 2X and 4X udder halves. Average values for SCC were log transformed, whereas the average values for teat-end hyperkeratosis and udder edema scores were transformed by taking the square root to produce an approximately normal distribution. A 2-sided, paired t test was used to test for differences in milk composition and mammary health. Signifi cance was declared at P < 0.05.
A meta-analysis was performed to compare AUC and percentage increase in milk yield between primiparous heifers in this experiment and multiparous cows in a previous study done in the same herd, under the same management practices, including bST treatment and reproductive management. The EXPAND procedure of SAS was used to calculate AUC and percentage increase in milk yield for each cow and for each treatment. Orthogonal contrasts were used to determine differences in the area under the differential milk yield curve and percentage increase in area under the differential milk yield curve using data from a previous experiment on multiparous cows (Wall and McFadden, 2007b) . A 1-sided t test was used to determine whether AUC was greater than 0 during UFM, Post UFM, and Total as previously described by Wall and McFadden (2007a) . Signifi cance was declared at P < 0.05.
RESULTS
Milk production of primiparous heifers in this study averaged 33.1 kg/d at peak and 28.6 kg/d over the entire lactation. Before IMF treatment, udder halves produced similar amounts of milk on d 1 of lactation (P > 0.53; Fig. 1 ). Udder halves milked 4X responded immediately to treatment, producing 1.2 ± 0.3 kg/d more milk than 2X udder halves by d 7 of lactation (P < 0.001; Fig.  1 ). The differential in milk yield was greatest on d 21 of lactation; 4X udder halves produced 2.8 ± 0.3 kg/d more milk than 2X udder halves (P < 0.001; Fig. 1 ). After cessation of UFM, production from 4X udder halves decreased but they continued to average 0.8 ± 0.3 kg/d more milk than 2X udder halves through d 270 of lactation (P < 0.05; Fig. 1) .
To compare the responses of primiparous heifers and multiparous cows to IMF during early lactation, data from Wall and McFadden (2007b) were compared with data collected in the current study in a meta-analysis. In primiparous heifers, the AUC of differential milk yield (averaged 30.9 ± 6.0 kg during UFM (1 to21 DIM), 220.6 ± 68.2 kg Post UFM and 250.7 ± 70.2 kg over the entire lactation (Fig. 2) . In multiparous cows, the AUC averaged 63.4 ± 6.6 kg during UFM, 486.0 ± 79.9 kg post UFM, and 549.7 ± 82.3 kg Total (Fig. 2) . Area under the differential milk yield curve was greater in multiparous cows than primiparous heifers during UFM (P < 0.002) and Post UFM (P < 0.03), as well as Total, including both the acute and the long-term milk yield responses (P < 0.02; Fig. 2 ). It was also apparent that there was less variation between animals for heifers than for mature cows. The greater absolute response of multiparous cows was not surprising given the known difference in milk production potential. So, to determine if heifers and cows responded similarly, in proportion to their level of milk production, the relative milk yield response to IMF was also calculated as a percentage of total milk yield. In primiparous heifers, the percentage increase in milk yield of 4X udder halves relative to 2X udder halves was 12.9 ± 1.7% during UFM, 8.5 ± 2.4% Post UFM, and 11.1 ± 1.6% Total. In multiparous cows, 4X udder halves produced 22.3 ± 1.8% more milk than 2X udder halves during UFM, 13.4 ± 2.8% more milk post UFM, and 17.7 ± 1.9% more milk Total. Comparing multiparous cows with primiparous heifers, the percentage increase in milk production was greater in multiparous cows during UFM (P < 0.001) and Total (P < 0.05). However, Post UFM the difference was not signifi cant (P > 0.19).
In primiparous heifers during UFM, SCC (P < 0.06) and milk fat percentage (P < 0.05) were lower in 4X than in 2X udder halves, whereas milk protein percentage and yield of fat were unaffected (P > 0.33) and yields of protein and fat-corrected milk (FCM) or energy-corrected milk (ECM) were greater (P < 0.05; Table 1 ). Post UFM and Total, SCC of 4X udder halves was less than that of 2X udder halves (P < 0.05; Table 1), whereas yields of fat, protein, FCM, and ECM were greater in 4X udder halves (P < 0.05), and milk fat or protein content did not differ (P > 0.10; Table 1 ).
Udder edema scores were highest immediately postpartum and decreased over time until 35 DIM (P < 0.001; Fig. 3 ), after which there was little change. There was no difference between 4X and 2X udder halves (P > 0.33; Fig.  3 ). Teat-end condition scores increased over time through 60 DIM (P < 0.001; Fig. 4) . Although it was apparent that teat-end scores increased more rapidly in 4X-than 2X-milked udder halves through 21 DIM, thereafter scores drew together and were essentially identical by 60 DIM; overall there was no difference between 4X and 2X udder halves in teat-end condition scores (P > 0.19; Fig. 4 ).
DISCUSSION
In this study, use of the UFM model effectively demonstrated that applying IMF to primiparous Holstein heifers during early lactation stimulated an increase in milk yield of 4X udder halves during IMF. After cessa- Comparison of the milk yield response to unilateral frequent milking (UFM; twice-daily milking of the left udder half, 4-times-daily milking of the right udder half, on d 1 to 21 of lactation) between primiparous heifers and multiparous cows. Primiparous heifers (n = 13) and multiparous cows (n = 11, data previously reported by Wall and McFadden (2007a) ) were assigned to UFM. For each treatment, the linear trapezoidal rule was used to calculate the area under the differential milk yield curve (AUC), during frequent milking (During UFM), after frequent milking (Post UFM), and over the entire lactation (Total). *P < 0.05; **P < 0.01; ***P < 0.001. Figure 1 . Differential milk yield between the right and left udder halves of 13 primiparous heifers assigned to unilateral frequent milking (UFM; twice-daily milking of the left side (2X), 4-times-daily milking of the right side (4X)) for d 1 to 21 of lactation. Half-udder milk yields were measured through d 270 of lactation, and milk yields from 2X udder halves were subtracted from those of 4X udder halves to determine differential milk yield in response to UFM. There was no difference in milk production between udder halves on d 1 of lactation (P > 0.53). Milk production in 4X udder halves increased by d 7 of lactation (P < 0.001) and remained greater than that of 2X udder halves through d 270 of lactation (P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.001. tion of IMF, there was a carryover increment that averaged 0.8 kg/d over d 22 to 270 of lactation. The halfudder design is particularly useful for investigating such effects because it minimizes variation from sources such as genetics, environment, and nutrition, and isolates the effects to the level of the individual glands (Wall and McFadden, 2007a) . The immediate and persistent increases in milk yield observed in this study were consistent with fi ndings of previous studies evaluating the effects of IMF during early lactation in mature cows (Bar-Peled et al., 1995; Hale et al., 2003; Wall and McFadden, 2007b) ; however, the milk yield response was generally smaller in heifers.
Lactation curves of primiparous heifers are characterized by lower peak milk yield and greater lactation persistency compared with multiparous cows (Miller et al., 2006 ). In the current experiment, the milk yield response during UFM was less in primiparous heifers than that previously reported in multiparous cows. Primiparous heifers have inherently lower milk production potential, as well as increased metabolic demands associated with continued growth during lactation, which may explain the reduced initial response. Other researchers reported that, relative to 2X-, 3X-milking increased milk production by 19.4% in primiparous heifers and 13.5% in multiparous cows (Allen et al., 1986) , whereas a similar study found increases of 6% in primiparous heifers and 15% in multiparous cows (DePeters et al., 1985) . Hillerton et al. (1990) reported a 10.4% increase in milk yield in diagonally opposed glands milked 4X during late lactation relative to glands milked 2X daily, and the increase in milk yield tended to be greater in multiparous cows, consistent with the current fi ndings. In a similar study evaluating the effects of UFM combined with growth hormone treatment on primiparous heifers during mid-lactation, IMF increased milk yield by 14%, and there was an indication of a carryover effect in glands subjected to IMF (Knight et al., 1992) . Moreover, Sanders et al. (2000) observed that 4X milking during early lactation increased milk yield in primiparous heifers, but to a lesser degree than that observed in multiparous cows, and there was no carryover effect on milk yield. In contrast, Soberon et al. (2010) found that primiparous heifers and multiparous cows subjected to IMF from d 1 to 21 of lactation produced 4.8 kg/d more milk during wk 2 and 3, and the response to IMF was greater in heifers, but there was no carryover effect on milk yield. However, these authors also suggested that obtaining mammary biopsies may have contributed to the lack of response of the cows to IMF, whereas primiparous heifers may have been less sensitive to the procedure (Soberon et al., 2010) . In a subsequent study conducted on commercial dairy farms, IMF increased milk yield by 2.2 kg/d during the fi rst 7 mo of lactation and the overall response to IMF during early lactation was comparable in primiparous and multiparous cows (Soberon et al., 2011 ). In the current study, IMF during early lactation increased milk yield of heifers by 11% over the entire lactation, comparatively less than the 17% increase previously reported for mature cows. This was mainly due to a larger percentage response during the 21 d of UFM because the percentage increase in milk yield after cessation of UFM was not different (although numerically larger) than that previously reported in multiparous cows (Wall and McFadden, 2007b) . It appeared that the decline in differential milk yield after cessation of IMF at 21 DIM was smaller in heifers than in mature cows but reasons for this are unknown.
During UFM, milk fat content decreased; however, when milk yield was adjusted to 3.5% FCM, or ECM, yield from 4X udder halves was greater across all stages of lactation. Some previous studies found that more frequent milking was associated with decreased milk fat percentage (Allen et al., 1986; Smith et al., 2002; Soberon et al., 2011) ; however, the increase in milk yield associated with frequent milking usually outweighs the decrease in milk fat percentage causing an overall increase in fat yield (Klei et al., 1997; Dahl et al., 2004) .
Because milk composition is a primary driver of milk price, the overall increases in yield of 3.5% FCM, ECM, milk fat, and milk protein over the entire lactation, along with the relatively brief period of implementation, suggest IMF during early lactation of primiparous heifers would be a profi table management tool.
In the current study, there were no clinical cases of mastitis and SCC were lower in 4X udder halves during UFM, Post UFM, and Total, when compared with 2X udder halves. This is consistent with similar studies that reported no effect of IMF on SCC (Bar-Peled et al., 1995; Hale et al., 2003; Wall and McFadden, 2007b) or a decrease in SCC in response to IMF (Smith et al., 2002; Dahl et al., 2004) . The reduced SCC of 4X udder halves may provide additional milk quality incentives to producers, although SCC in this study were all well below milk quality thresholds.
After parturition, udder edema scores decreased rapidly during UFM, and continued to decrease through 60 DIM; however, there was no effect of IMF on udder edema scores. All heifers enrolled on the study exhibited at least mild to moderate udder edema around parturition. This is consistent with results from Dentine and McDaniel (1983) , who observed some degree of udder edema in 97% of peripartum cows. It was hypothesized that IMF during early lactation would decrease edema, perhaps by reducing pressure within the gland or accelerating differentiation of the mammary epithelium. Others have reported that prepartum milking increased milk yield and reduced udder edema in primiparous heifers (Daniels et al., 2007) and multiparous cows (Santos et al., 2004) . The lack of difference between 4X and 2X udder halves in udder edema may indicate that more quantitative measurements, such as use of ultrasound (Waller et al., 2007) , are needed when using a half-udder model, but the similar time-trend of edema scores in 2X-and 4X-milked udder halves suggests that postpartum may be too late for differential milk removal to affect udder edema.
Teat-end scores increased during the fi rst 60 DIM, consistent with studies reporting that teat-end hyperkeratosis accumulates during the fi rst 4 mo of lactation and decreases thereafter (Shearn and Hillerton, 1996; Neijenhuis et al., 2000) . Increased milking frequency may elicit changes in the teat tissue in response to the mechanical forces applied during machine milking, and thereby increase teat-end hyperkeratosis (Mein and Thompson, 1993; Neijenhuis et al., 2000; Hillerton et al., 2002) . Increased teat-end hyperkeratosis increases mastitis risk (Neijenhuis et al., 2001) and poor teat condition is linked to increased incidence of Staphylococcal infections (Goldberg et al., 1994; Zadoks et al., 2001) . These factors are also cow-and quarter-level risk factors for clinical mastitis (Breen et al., 2009 ). Despite these associations, previous reports indicate IMF has no effect on SCC (Bar-Peled et al., 1995; Hale et al., 2003; Wall and McFadden, 2007a) or decreases SCC (van der Iest and Hillerton, 1989; Smith et al., 2002; Dahl et al., 2004) . Likewise, unilateral frequent milking increased machine-on time for 4X glands during the fi rst 21 DIM, but did not signifi cantly affect teat-end scores. This is consistent with De Vliegher et al. (2003) , who reported that IMF associated with transition to an automated milking system did not signifi cantly affect teat-end condition of primiparous heifers or multiparous cows. Teatend scores of glands milked 4X appeared to increase more rapidly than those of 2X glands but the difference was not signifi cant and diminished after 21 DIM until 60 DIM, when scores were similar. In addition, SCC were reduced in 4X udder halves, providing further evidence that IMF did not adversely affect udder health. The lack of negative effects of UFM on teat-end condition and SCC may be due to the relatively brief duration of IMF during early lactation.
In summary, IMF during early lactation stimulated an immediate increase in milk production during 4X milking and a carryover increment of 0.8 kg/d that persisted throughout lactation in primiparous heifers. The absolute milk yield response was less than that of multiparous cows but the relative response, as a percentage of normal yield, was not different from that of cows after d 21 of lactation. Overall, there were no significant changes in milk composition, so component yields and 3.5% FCM or ECM were generally increased along with milk yield. Based on the lack of difference in udder edema or teat-end condition, and the reduced SCC in 4X glands, IMF did not negatively impact udder health. In addition, because the increase in milk yield partly persists through d 270 of lactation, and the additional labor and operating costs associated with IMF are limited to the fi rst 2 wk of lactation, IMF during early lactation appears to be an effective management tool for increasing milk production effi ciency in primiparous heifers, as well as multiparous cows. However, although results obtained using a half-udder model are promising, this model cannot evaluate systemic effects, such as potential effects on reproduction and feed intake. Therefore, it is important to conduct further studies wherein IMF treatments are applied to cows.
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